seen that the system becomes stable in a short time when the rotor dynamic is included in a reduced order DFIG model.
Introduction
Renewable energy sources have taken an important role in electrical energy generation due to recent escalating prices and limited usage of fossil fuels. Wind power is the fastest growing and penetrating source among renewables. Nowadays, DFIG wind turbines are the most widely emerging technology used for wind power generation. They can provide high efficiency, better control of active power and torque, and improved power quality [1, 2] . High penetration of wind power into a power system may lead to serious concern about its influence on system stability. Accurate dynamic modeling is therefore important to analyze the interaction between the power system and large wind power plants. Simplified models are preferred to reduce the model order, numerical integration, and the computation time by neglecting stator transients in transient stability analyses [3] [4] [5] [6] . Many studies have investigated the modeling issue. An equivalent model for DFIG wind plants has been developed [7] by aggregating the wind turbines in a wind farm into a single equivalent turbine to represent the whole wind power plant. This simplified model showed a good performance under both normal operation and grid disturbance while reducing the order model and computation time. The performance of reduced order modeling has been tested in another study [8] along with control and protection schemes. Power system disturbances have been considered as network voltage sag, three phase faults, and voltage instability. The effect of neglecting stator transients in the DFIG model has been discussed [9] under the cases of subsynchronous and supersynchronous speed, validating the use of the reduced order DFIG model from the transient stability point of view. The work presented in [10] compares three reduced order DFIG models and shows that the second order model can represent the system dynamics very well during normal operating conditions. While control schemes have been developed for rotor side and grid side converters of DFIG using a reduced order DFIG model [11] , the study conducted [12] demonstrates that a four quadrant AC-AC converter connected to the rotor windings of the DFIG can increase the transient stability margin of the grid; therefore, the behavior of the DFIG is more robust in the event of critical faults.
Determination of control parameters in the DFIG is important for system stability. The effects of turbine and system parameters on voltage stability are emphasized in [13] and [14] . In the analysis, a model of a wind turbine with a DFIG and its associated controllers is indicated, and a small signal stability model is derived [15, 16] . DFIG output voltage and frequency should be within the limits required by standards and the grid code. Control strategies for voltage and short time frequency regulation are essential to comply with wind power connection requirements [17, 18] .
While rotor dynamics are considered in [19] on a full order DFIG model, this study proposes including rotor dynamics on a reduced order DFIG model and therefore developing an enhanced reduced order DFIG model. The developed model has been tested against three phase faults on a sample system. Simulation results have been compared with the results obtained from the model without rotor dynamics. Some simulation results have also been discussed for the cases of both a full and reduced order DFIG model.
Components of doubly fed induction generators
DFIG wind turbines use a wound rotor induction generator, where the rotor winding is fed through a grid side converter and a rotor side converter as shown in Figure 1 . The function of the grid side inverter is to balance the DC link voltage and to provide reactive power compensation, while the rotor side inverter controls stator side the real and reactive power of the DFIG. Voltage limits and an over-current "crowbar" circuit protect the machine and converters [20] .
In modeling the DFIG, the full order model is represented by four equations, considering the generator's variables in the d-q synchronous reference frame. The equations for the stator and rotor windings can be written as follows [21] :
Flux-inductance equations can be expressed in the d-q synchronous frame as follows: (5) and (6).
A reduced order model of a DFIG is employed to simplify the relationship between the steady state variable and the outputs of the DFIG. The simplified model can enable us to easily predict the behavior of the DFIG under transient conditions. In this model, a stator is represented by transient induced voltages behind a transient reactance where stator fluxes are neglected. The main idea is that the dc component is omitted from the stator transient current. Electrical equations describing stator side in the reduced order model of the machine are given below:
[ė of the model is expressed in Eqs. (9)- (10), while transient open circuit time constant (T 0 ) is given in Eq. (11) [22] .
Enhanced DFIG rotor dynamic modeling (RDM)
The reduced order DFIG model can be enhanced by including rotor dynamic modeling. It is intended to provide dynamic control of both sides by adding induced voltages on the rotor axis in addition to the transient reactance and the induced voltages used for neglecting the rate of change of stator flux linkage in the reduced order stator model. The change of the ROM can be derived by ignoring the differential term in Eq. (1). Then stator voltages can be written as follows:
Rotor d-q axis currents derived from Eq. (4) can be substituted in Eq. (2); then the following rotor voltage equations can be obtained:
From Eq. (3), stator d-q axis currents can be written in terms of stator flux linkage and rotor d-q axis currents as given in Eq. (14), and taking the derivative of the stator currents as seen in Eq. (15):
Eqs. (14) and (15) can be substituted in Eq. (13) . Then the following rotor voltage equation can be obtained.
After some rearrangements, the rotor voltages can be written as given in Eq. (19) .
where
The last term in the equation can be represented by rotor voltage source.
The angular speed based on stator flux under normal operating conditions of the DFIG is stable. However, in the transient case angular speed changes. According to the basic flux rule, the drop of voltage in output voltage of the DFIG does not change the flux instantaneously. Therefore, the stator flux ratio in the drop of 3 phase voltage produces dc-component. This component has been seen as an oscillator during the transfer in synchronous reference frame and it is used as stator time constant at the same time. The stator flux change during the voltage drop is shown in Eq. (21) .
Based on Eq. (21) and neglecting stator resistance and flux, equivalent rotor source voltage can be described with the following equation:
Here λ sdq0 and λ sdq2 are the steady and transient stator flux linkage, respectively, v sdq0 is steady stator d-q axis voltage, t is the time, and σ is the stator damping coefficient given in Eq. (23) .
In Eq. (21), the first line refers to the pre-transient status and the second line refers to the stator flux after transient status. The stator flux has been shown in two parts: before and after the voltage drop. These two parts are controlled by the rotor d-q axis induced voltages. In Eq. (22), the term of (L m /L ss )/s λ sdq0 provides the control as in the 1st part, and the sliding rate of rotor E dq voltage in transient status is small. In the 2nd part, the rotor has been used to protect the converter circuit in the rotor side from the overcurrent and long-term unstable status [19, 23] .
Simulation study
A 2.3 MW wind power system depicted in Figure 2 is used to study the transient behavior of the wind turbine grid interaction. [19] . An enhanced RDM is formed in the MATLAB/SIMULINK environment as given in Figure 3 .
Simulation study results
A three phase fault has been considered as a transient disturbance in this study. The fault was applied at theB34.5 bus shown in Figure 2 , starting at 0.56 s and ending at 0.58 s. The 34.5 kV bus DFIG output voltage during the fault has been shown in Figures 4 and 5 . This is conducted for the 34.5 kV bus voltage and DFIG's output voltage. As expected, less oscillatory behavior has been observed in the case of the enhanced reduced order DFIG model. The response of the DFIG active power is illustrated in Figure 6 .
Once the fault is cleared, the active power has oscillations with large variations in the case of the reduced order DFIG model. However, the enhanced model results in the same amount of active power following little oscillations. In this period, the speed and electrical torque variation response shows no oscillatory behavior, and d-q axis stator and rotor current variations are better when the DFIG model includes rotor dynamic. As can be seen from the analysis results, voltage swings are damped within a second in both cases. However, variations in other parameters such as active power, angular speed, and d-q axis current last longer when no RDM exists. In Figures 6 and 7 , there seems to be a difference between steady state values of active power and angular speed of the two models. This is because of the time axis selected to be short for better focusing on the transient interval. Actually, steady state values for the two models reach the same values in a longer period of time.
Previous analyses have been carried out to show the transient response of a reduced order DFIG model with rotor dynamics. As the reduced order DFIG model is a simplified model, the response of the full order DFIG model with RDM has also been compared with the reduced model ones as given in Figures 13 and 14 . This is conducted for the DFIG's output voltage and electrical torque. As expected, less oscillatory behavior has been observed in the case of the enhanced reduced order DFIG model.
Conclusion
A ROM with rotor dynamic has been proposed in this paper. The equations for the enhanced model have been derived. Transient responses of this model with the classical reduced order DFIG model have been compared by observing several DFIG parameters such as DFIG output voltage, active power, angular speed, electrical torque, stator, and rotor d-q axes current. Simulation results have shown that oscillations in all parameters are reduced with the use of the enhanced reduced order DFIG model. Including rotor dynamic has a great effect on stator currents, active power, and speed variation by damping oscillations in a very short time. The impact of rotor dynamics in both the full and reduced order DFIG models against a transient case has also been examined in this paper. The enhanced reduced order DFIG model has shown less oscillatory behavior when subjected to a three phase fault. Therefore, the transient stability of a grid connected wind power plant can be improved by taking rotor dynamics into account in the reduced order DFIG model.
